The respiratory cytochrome bc 1 complex is a fundamental enzyme in biological energy conversion. It couples electron transfer from ubiquinol to cytochrome c with generation of proton motive force which fuels ATP synthesis. The complex from the α-proteobacterium Paracoccus denitrificans, a model for the medically relevant mitochondrial complexes, lacked structural characterization. We show by LILBID mass spectrometry that truncation of the organism-specific, acidic N-terminus of cytochrome c 1 changes the oligomerization state of the enzyme to a dimer. The fully functional complex was crystallized and the X-ray structure determined at 2.7-Å resolution. It has high structural homology to mitochondrial complexes and to the Rhodobacter sphaeroides complex especially for subunits cytochrome b and ISP. Species-specific binding of the inhibitor stigmatellin is noteworthy. Interestingly, cytochrome c 1 shows structural differences to the mitochondrial and even between the two Rhodobacteraceae complexes. The structural diversity in the cytochrome c 1 surface facing the ISP domain indicates low structural constraints on that surface for formation of a productive electron transfer complex. A similar position of the acidic N-terminal domains of cytochrome c 1 and yeast subunit QCR6p is suggested in support of a similar function. A model of the electron transfer complex with membrane-anchored cytochrome c 552 , the natural substrate, shows that it can adopt the same orientation as the soluble substrate in the yeast complex. The full structural integrity of the P. denitrificans variant underpins previous mechanistic studies on intermonomer electron transfer and paves the way for using this model system to address open questions of structure/function relationships and inhibitor binding.
Introduction
The enzyme ubihydroquinone: cytochrome c oxidoreductase (E.C.1.10.2.2) or cytochrome bc 1 complex (cyt bc 1 complex) is a central component of the energy conversion machinery of respiratory and photosynthetic electron transfer chains. The multi-subunit membrane protein complex couples electron transfer from hydroquinone to cytochrome c (cyt c) to the translocation of protons across the membrane in a mechanism called Q cycle, thereby substantially contributing to the proton motive force that is used for ATP synthesis [1] . The complex is a target for numerous inhibitors including antimalarial drugs [2, 3] and agrochemical fungicides [4] and is implicated in the biological processes of aging mediated by reactive oxygen species (ROS) [5] . X-ray structures of mitochondrial complexes from vertebrates [6] [7] [8] and yeast [9, 10] and of bacterial complexes from Rhodobacter sphaeroides [11] and R. capsulatus [12] provided critical information for elucidation of mechanism and structure/function relationships. Yet, the R. sphaeroides complex lacks its supernumerary subunit IV in the structure. Loss of this subunit lowers the enzyme activity of detergent-solubilized complex to 26% as compared to the wild-type complex [11, 13] . The structure of R. capsulatus is complete with its three subunits but lacks amino acid residue side chains due to the limited resolution of 3.8 Å [12] . Important details of the cyt bc 1 complex mechanism and its regulation are still not fully understood, especially those of ubiquinol oxidation, equilibration of electrons between functional units and related bypass reactions that generate ROS. The minimal functional unit of the enzyme is theoretically a monomer comprising the three redox-active subunits cytochrome b (cyt b), cytochrome c 1 (cyt c 1 ) and the Rieske iron sulphur protein (ISP) with their respective cofactors heme b H , heme b L , heme c 1 and the [2Fe-2S] cluster. The ISP connects two functional units to an obligate dimer, as its transmembrane helix (TMH) is anchored to one monomer and the catalytic head domain interacts with the other. In addition, the movement of the ISP head domain is essential for the mechanism. The [2Fe-S] cluster receives an electron when the head domain docks onto cyt b in the so-called b-position, and it is reoxidized by cyt c 1 after the domain reorients towards the latter into its c-position.
The cyt bc 1 complex of the soil bacterium Paracoccus denitrificans is elementary in its subunit composition comprising the three redox-active subunits which are encoded by the fbc-operon [14] . The electron acceptor in this gram-negative α-proteobacterium is the membrane-anchored cytochrome c 552 . The P. denitrificans complex is biochemically and kinetically well characterized [15] [16] [17] [18] and genetically readily accessible in contrast to the larger mitochondrial complexes with several supernumerary subunits, for which especially mutagenesis of mitochondrially encoded cyt b is laborious. The complex provides an ideal model system. Interestingly, subunit cyt c 1 has an organism-specific N-terminal domain with a very unusual amino acid composition of 40% alanine, 14% proline and 38% negatively charged amino acid residues [14] . This results most likely in a flexible domain without predicted secondary structural elements and high negative charge at physiological pH value. This domain of amino acid residues 39-203 was genetically deleted from the fbcC gene. The resulting cyt bc 1
Δac complex is fully active and was successfully used in a mechanistic study [19] that provided strong evidence for electron transfer between the two monomers, thus supporting the half-of-the-sites-mechanism in which one monomer is active at a time, a potential regulatory process [20] . In native and in partially solubilized membranes, the wild-type complex is present in supramolecular association known as supercomplex or respirasome with a stoichiometry of 1:4:4 for complexes I, III and IV of the respiratory chain, respectively [21] . Furthermore, the wild-type cyt bc 1 complex has the mass of a tetramer in detergentsolubilized form, a state described as dimer-of-dimers [22] . In this study, the cyt bc 1 Δac complex was produced, purified and analysed to be an intact dimer. The complex was crystallized in the presence of the inhibitor stigmatellin and the X-ray structure of the enzyme was determined. The structure allowed not only comparison with highly homologous mitochondrial complexes but also between two enzymes of the same bacterial family, the Rhodobacteraceae, revealing that subunit cyt c 1 is structurally more diverse than the other catalytic subunits of the complexes [23, 24] . A model of the cyt bc 1 complex in interaction with cyt c 552 provides insight in the architecture of the natural electron transfer complex and its integration in respiratory supercomplexes.
Materials and methods

Cloning, production and purification
Recombinant cyt bc 1
Δac complex [25] of P. denitrificans fused with a C-terminal deca-histidine-tag at cyt b was produced by homologous expression and purified by single-step immobilized-metal-affinity chromatography. Details of cloning, production and purification were described previously [19] . The concentrated complex was applied to a size-exclusion chromatography (SEC) column (TSK4000SW, Tosoh) equilibrated with 25 mM NaPi pH 7.5, 250 mM NaCl and 0.02% β-Ddodecyl-malto-pyranoside (DDM) and eluted with the same buffer. The central fractions of the elution peak were pooled. Stigmatellin was added in 10-fold molar excess and the complex concentrated to 40 mg/mL.
LILBID analysis
The laser-induced liquid-bead ion-desorption (LILBID) mass spectrometry permits analysis of the weight of intact macromolecular detergent-solubilized transmembrane complexes and of their individual subunits as described previously [22] , and more recently has been used to determine the size of several other membrane proteins [26, 27] . The bc 1 complex was solubilized with DDM and purified as described above with the exception that stigmatellin addition was omitted. For the analysis, the buffer was exchanged by size exclusion chromatography for ammonium acetate buffer with 0.02% of DDM and the complex concentrated to 2 μM. Droplets of this solution were introduced into vacuum and then radiated with a laser beam with the wavelength of 3 μm. The desorption-energy can be varied between 1 and 15 mJ/pulse permitting to adjust different soft or harsh conditions. We recorded spectra under low and mid-high laser intensity. For detecting the large biomolecules, the LILBID instrument is equipped with a Daly-type ion detector with a resolution range in the low mega Dalton range. The final spectra are typically averages of 100-200 shots or droplets, respectively. Here, we recorded spectra under low and mid-high laser intensity. For crystallization, the cyt bc 1 complex was diluted to 20 mg/mL with the same buffer adding sucrose to a final concentration of 1 M. The sample was ultra-centrifuged at 110,000 g for 30 min to remove initial precipitate, and was crystallized in a hanging-drop vapour diffusion set-up in 24 well-plates. 100 mM sodium acetate, pH 4.6, 50 mM NaCl, 30% (+/−)-2-methyl-2,4-pentandiol (MPD) was used as reservoir solution. The protein sample was mixed 1:2 with reservoir solution containing 33% MPD. Typically, red crystals formed within 4 days of incubation at 18°C. Crystals were harvested with cryo-loops and immediately flash-cooled and stored in liquid nitrogen.
Data collection and processing
Data were recorded to a resolution of 2.7 Å from a single crystal at 100 K on the macromolecular crystallography beamline station I03 at Diamond Light Source. The diffraction images were integrated using MOSFLM [28] and scaled and truncated using SCALA [29] and CTRUN-CATE [30] , respectively. Five percent of the reflections were randomly selected and excluded from the refinement using the program FREE-RFLAG [31] and constituted the R free set. The data processing statistics are shown in Table 1 .
Structure determination
The crystal structure was determined by molecular replacement using the program PHASER [32] with the structure of the cyt bc 1 complex from the photosynthetic bacterium R. sphaeroides as the search model (PDB ID 2QJY [11] ). After initial rounds of rigid body and restrained refinements using REFMAC5, [33] the polypeptide chain was modified to the P. denitrificans residues and checked against both 2F o -F c and F o -F c electron density maps in the program COOT [34] . Residues of regions that are structurally different between the P. denitrificans and R. sphaeroides sequences were removed to prevent bias in map generation. Iterative manual model building and refinement were carried out using COOT and REFMAC5 permitting some of the deleted regions to be rebuilt. Numbering of cyt c 1 Δac residues is based on the sequence of the variant (Fig. S1 ). The initial coordinates for the cofactors were obtained from the R. sphaeroides cyt bc 1 complex structure (PDB ID 2QJY) and the restraint library file for the inhibitor stigmatellin was obtained from the PRODRG server [35] . All ligands were manually fitted into both 2F o -F c and F o -F c maps in the program COOT. Water molecules were manually added in COOT for peaks over 3.0 σ in the F o -F c map and the structure validation carried out with MOLPROBITY [36] . The refinement statistics are shown in Table 1 . All figures with presentations of structures have been made with VMD [37] containing the secondary structure package [38] or Pymol. Root mean square deviations given refer to deviations on C α -atoms.
Accession numbers
Coordinates and structure factors have been deposited in the PDB with accession code PDB ID: 2YIU.
Results and discussion
The dimeric cyt bc 1 complex
The cyt bc 1 complex of the mesophilic soil bacterium P. denitrificans is a widely accepted prokaryotic model for the mitochondrial respiratory complex [15] [16] [17] 19] . The recombinant complex is biochemically and functionally well characterized [19] . The His-tagged variant can be readily prepared at high purity and has wild-type properties [16] . Both, wild-type and His-tagged complex have resisted crystallization in more than 25,000 trials screening a broad range of conditions. Yet, a variant of the complex, cyt bc 1 Δac [19] , which lacks the organism-specific N-terminal domain of cyt c 1 (amino acid residues 39 to 203) but retains the N-terminus including the predicted cyt c 1 signal sequence (residues 1-24 [14] ), was successfully crystallized. The cyt bc 1 Δac complex is fully functional with very similar kinetic features as compared to the wild type complex judged by V max , k cat and presteady-state kinetics [19] . Interestingly, the major difference between wild type and cyt bc 1
Δac complex is the oligomerization state of the detergent solubilized form, which can explain the difference in crystallization properties. The wild type complex is a dimer-of-dimers as determined by laserinduced liquid-bead ion-desorption (LILBID)-mass spectrometry [22] . In contrast, SEC and blue native-PAGE analysis (data not shown) indicate that the cyt bc 1 Δac complex is a dimer. This was verified by LILBID mass spectrometry (Fig. 1A) . The spectrum at low laser intensity clearly shows a characteristic peak series of an intact dimeric complex starting with a single charged peak at 200 kDa corresponding well to the calculated dimer mass of 205 kDa. At higher laser intensity, individual subunits and subcomplexes are resolved with their correct masses ( Fig. 1B) [39] . Though the dimer-of-dimers complex is active, it is not known how the most likely largely disordered acidic domain mediates the larger association and which function the oligomerization may have. In the membrane, the P. denitrificans cyt bc 1 complex is associated in respiratory supercomplexes [21] which are also known for the mitochondrial complexes [40] . A stoichiometry of 1:4:4 was determined for the P. denitrificans supercomplex I/III/IV [21] suggesting that this cyt bc 1 complex is also a dimerof-dimers in the membrane.
Crystallization and crystal lattice
Single crystals of the cyt bc 1 Δac complex were grown in vapourdiffusion set-ups. Growth in the presence of the cryo-protectant [60] . e Ramachandran analysis using the program MOLPROBITY [36] . sucrose was essential to minimize handling of the crystals during harvest and cryo-cooling as to maintain diffraction properties of the very fragile crystals. Diffraction data were recorded, phases were obtained by molecular replacement and the structure was refined at a resolution of 2.7 Å ( Table 1 ). The cyt bc 1 Δac complex is present as dimer in the asymmetric unit (Fig. 3) in line with the oligomerization state identified by LILBID mass spectrometry. The molecules form ordered stacks of two-dimensional (2D) crystalline layers, so called type-I crystals [41] . The latter are commonly observed for membrane proteins crystallized in lipid mesophases [42] , but are unusual for proteins in detergent as the transmembrane domain is covered by a detergent micelle preventing crystal contacts in the hydrophobic region. The stacks of 2D-layers of cyt bc 1 Δac molecules are tightly packed with multiple non polar interactions of atoms in van-der-Waals contact distance between the layers (Fig. 3A) . The loose packing may explain the fragile nature of the crystals.
Structure determination and overall structure
The structure of P. denitrificans cyt bc 1 Δac was determined at 2.7-Å resolution. Phases were obtained by molecular replacement with the homologous bacterial cyt bc 1 complex from R. sphaeroides, which is also a member of the Rhodobacteraceae family. The final structure of the P. denitrificans complex is very well defined and comprises subunits cyt b, cyt c 1 Δac and ISP and their respective cofactors heme b L , heme b H , heme c 1 , [2Fe-2S]-cluster and the Q P site inhibitor stigmatellin (Fig. 2) . The overall fold is highly similar to the catalytic subunits of the mitochondrial complexes as demonstrated by superimposition with the corresponding subunits of the yeast cyt bc 1 complex (PDB ID 3CX5) [43] . Lowest deviations are observed for the highly conserved subunits cyt b and ISP with root mean square deviations of the C α -atoms (RMSDs) of 0.8 Å and 1.1 Å, respectively. The sequence identity/similarity of cyt b and ISP is 49%/67% and 49%/62%, respectively, for comparison of these species (Figs. S2, S3 ). Cyt c 1 has a slightly higher RMSD of 1.3 Å in line with the lower sequence identity/similarity of 38%/47% based on the cyt c 1 Δac sequence (Fig. 4C ). As expected, structural similarity is even more pronounced for the closely related R. sphaeroides complex with RMSDs of 0.37 Å, 0.58 Å, and 0.96 Å for cyt b, ISP and cyt c 1 , respectively. This corresponds to higher sequence identities/similarities of 85%/92% (cyt b), 73%/86% (ISP) and 58%/67% (cyt c 1
Δac
, cyt c 1 ) for comparison of these species (Figs. 4C, S2, S3) . Interestingly, cyt b and ISP of P. denitrificans are structurally more similar to the corresponding yeast subunits than the R. sphaeroides ones. RMSDs of 1.3 Å, 1.4 Å, and 1.3 Å were reported for cyt b, ISP, cyt c 1 , respectively, when comparing the latter pair [11] . The slightly higher deviations of P. denitrificans cyt c 1 are in line with the notion, that subunits b and ISP form the evolutionary core of the bc complexes [23] .
Cytochrome b
The two cyt b subunits form the hydrophobic core of the complex (Fig. 2) . Each subunit is comprised of two bundles of 4 helixes, namely of TMH A-D and TMH E-H (TMH A: Trp43-His68, TMH B: Gly89-Tyr118, TMH C: Glu126-Trp51, TMH D: Asn188-Thr219, TMH E: Pro243-Phe269, TMH F: Ala328-Pro347, TMH G: Arg360-Met383, TMH H: Gly387-Ile414). Located within the first bundle are the two b-type hemes and their coordinating residues, His97 and His198 for heme b L and His111 and His212 for heme b H . The edge-to-edge distances between the cofactors relevant for electron transfer [44, 45] are 11.9 Å between heme b L and b H within the monomer and 13.8 Å between b L and b L and 30.6 Å between b H and b H , respectively, within the dimer. Cyt b also holds the two reaction sites which are located on opposite sides of the membrane (Fig. 2) . The Q P site (ubiquinol oxidation) is facing the periplasmatic side and the Q N site (ubiquinone reduction) is in the direction of the cytosolic side of the protein. The Q P site can clearly be identified by the bound site-specific inhibitor stigmatellin. This reaction site is shielded against the aqueous phase as subunit ISP is docked onto cyt b. In agreement with the structure of the R. sphaeroides complex, cyt b has an extended N-and C-terminus and insertions in the loop regions DE and EF as compared to the mitochondrial complexes (Fig. S2) . Both insertions contain a short helix (ef1 and de helix). Termini and DE insertion form a layer at the N-side of the membrane, which was discussed to stabilize the Q N site environment and to prevent proton leakage in the bacterial complexes which lack supernumerary subunits on that side of the membrane [11] .
The Rieske protein
Subunit ISP is made up of three domains. The membrane anchor is an N-terminal TMH (Asp17-Gln41) with pronounced tilt which brings the catalytic domain in contact with the second monomer providing the structural basis for the functional dimer (Fig. 2) . The catalytic domain is interconnected with the TMH by the hinge region (Met42-Leu51), which harbours the ADV motif (Ala46-Val48, Fig. S3 ) that is conserved in ISP from Saccharomyces cerevisiae, R. sphaeroides and P. denitrificans. Mutations that affect length or rigidity of this part of the hinge region impair enzyme activity [46, 47] . The C-terminal catalytic extrinsic domain consists of residues Ala52-Gly190. The fold of the domain is based on three β-sheets stacked as parallel layers. Sheet 2 and 3 hold the [2Fe-2S] cluster with the evolutionary conserved cluster coordinating residues His134, His155, Cys132 and Cys152. A clearly visible loop is formed by residues Ser101-Pro111. This insertion is typical for the prokaryotes from the Rhodobacteraceae family and is missing in the mitochondrial counterparts (Fig. S2 ).
Stigmatellin binding
The protein was crystallized in the presence of the competitive inhibitor stigmatellin. The orientation of the inhibitor was clearly visible in difference electron density maps prior to its inclusion in the model and permitted its unambiguous orientation and refinement. Stigmatellin binds in the distal position of the Q P site between the cofactors heme b L and the [2Fe-2S] cluster, in a pocket which is mainly formed by cyt b (Fig. 5A) . It locks the mobile ISP head domain in the b position thus facilitating crystallization [9] . This is especially important as contacts between neighbouring molecules in the crystal lattice are mediated by ISP. The inhibitor is bound by two H-bonds and multiple interactions with atoms in van-der-Waals contact distance (Fig. 5B) . ). This partitioned stabilization is very similar to the one described for stigmatellin binding in the yeast cyt bc 1 complex [48] . Interestingly, binding interactions with stigmatellin in the R. sphaeroides complex appear to be more evenly distributed as indicated by similar B factors of the three moieties (55.1, 51.8, and 55.9 Å 2 for chromone ring, proximal and distal tail, respectively; as calculated from the structure of the R. sphaeroides complex, PDB 2QJP [11] ). The inhibitor has a high affinity for all of the three species as suggested by IC 50 determinations. An IC 50 value of 130 nM was determined for purified detergent solubilized P. denitrificans complex [16] , 2.3 nM for the purified reconstituted yeast complex [49] and of 5.7 nM measured in chromatophores of R. sphaeroides [2] . In a previous study, Q P site residues were substituted and the variant complexes analysed for inhibitor sensitivity [16] . Substitution of the direct stigmatellin ligand by glutamine, E295Q, results in 5 fold increase of the IC 50 value and only 10% residual enzyme activity as compared to the wild type. The only other substitution with a comparably high increase in IC 50 is Y147F cyt b
, which is not in direct contact with stigmatellin but positioned close (5.8 Å) to the methoxy group of the chromone ring (Fig. 5A ) and thus may contribute to binding via an H-bond bridged water molecule [16] .
Cytochrome c 1 and its structurally diverse ISP facing surface
The amino acid sequence numbering used for the description of subunit cyt c 1
Δac is based on the variant (Fig. 4) . Corresponding residues of wild-type cyt c 1 (Fig. S1) ) and the N-terminal catalytic domain of residues Ala39- ). The domain houses the cofactor heme c 1 which is bound by the characteristic CXXCH motif with residues Cys82, Cys85, His86 (Cys245 ) as the sixth heme ligand. The structure of the subunit is very well defined. In addition to the predicted signal sequence, only few residues are not or poorly resolved at the apparently flexible termini (29 and 6 residues at N-and C-terminus, respectively) and in two loop regions (insertion 1, Ala155-Gly171; loop 4, Glu191-Ala195) and thus omitted from the final structure (Fig. 4C) . The overall fold of cyt c 1
Δac is similar to mitochondrial and R. sphaeroides cyt c 1 as visible for the superimposition of the subunits (Fig. 4) . The core of the subunit including the heme cleft is highly conserved (Fig. 4A ). Yet, there are notable differences in four peripheral loop regions (Fig. 4C) . Loop 1 close to the membrane surface is slightly shorter in mitochondrial cyt c 1 . Loop 2 protrudes from a 2-stranded β-sheet. The longer loop of the yeast complex provides contact with its counterpart from the second monomer at the dimer interface, whereas the loops are about 8 Å apart in P. denitrificans. Loop 3 at the rim of the heme cleft holds a short helix in mitochondrial cyt c 1 . The P. denitrificans loop is similar in position and dimension in contrast to the less extended R. sphaeroides loop. The largest heterogeneity is present in the ISP facing loop 4 of P. denitrificans (Fig. 4) , of which the very tip (5 residues) displays inherent flexibility. The loop is adjacent to insertion 2, a stretch of 18 amino acid residues that are characteristic for R. sphaeroides but absent in P. denitrificans. In contrast, the 17 amino acid residues long insertion 1 is present in the cyt c 1 primary structure of both P. denitrificans and R. sphaeroides (Fig. 4C) .
One should note that loops 3 and 4 and the insertion 2 contribute to the ISP facing surface. The catalytic ISP domain slides over this surface when alternating between b and c 1 position. The very close vicinity of the heme c 1 cleft with its exposed propionate groups is non-polar, except the charge compensating Arg 154 (Arg317 cyt c1
) that interacts with one propionate group. Whereas this feature is conserved between P. denitrificans, R. sphaeroides, and mitochondrial cyt c 1 , the rest of the surface varies in respect to contour and charge distribution due to the described differences in loop structures. For instance, the P. denitrificans specific loop 4 is close to the ISP domain when the latter is in c 1 position as deduced from superimposition of the P. denitrificans domain onto a bovine cyt bc 1 structure in that conformation, whereas the closest loop for the yeast complex in such an orientation would be loop 3 (Fig. 4B) . Thus, the ISP facing surface of cyt c 1 is surprisingly diverse between the species even within the family of Rhodobacteraceae.
The structural comparison within a bacterial family and with mitochondrial complexes permits an evolutionary interpretation. Noteworthy is the generally higher structural diversity of subunit cyt c 1 as compared to subunits cyt b and ISP. The diversity could in principle indicate divergent evolution in reaction to different reaction partners. Whereas cyt b and ISP form the evolutionary core of cytochrome bc complexes [23] , the c-type subunit is more diverse in sequence with different mono-and di-heme cytochromes present in different phyla. The mitochondrial and α-proteobacterial mono-heme cyt c 1 may be evolutionary derived from a collapsed di-heme cytochrome and it seems that the structure of cyt c 1 evolved in the context of the complex and not as soluble mono-heme cyt c [24] . Yet, with the structure of P. denitrificans cyt bc 1 , structural differences of cyt c 1 are now identified even within the family of Rhodobacteraceae. That suggests that diversity arises from less structural constraints as compared to other parts of the complex. Specifically, the observed diversity in the ISP-facing cyt c 1 surfaces (Fig. 4B) indicate that a specific cyt c 1 :ISP docking interface is not required for electron transfer between the subunits. The ISP in c 1 position brings the [2Fe-2S] cluster closest to heme c 1 as shown with a structure of the bovine cyt bc 1 complex [50] . In that case, the ISP orientation is stabilized by a hydrogen bond between the cluster ligand His161 and one propionate group of heme c 1 as well as by several weak interactions and two additional hydrogen bonds. ISP of P. denitrificans can adapt this orientation, as deduced from superimposition to the structure of the bovine complex (Fig. 4B) . The hydrogen bond between cluster ligand (His155 ISP ) and the heme propionate would be kept, whereas the cyt c 1 surface in the vicinity of the cluster-bearing ISP domain differs between mitochondrial, R. sphaeroides and P. denitrificans complexes. The rate of biological electron transfer is mainly governed by the distance of the redox cofactors with physiological rates at edge-toedge distances up to 14 Å [44] . The distance between heme c 1 and the [2Fe-2S]-cluster in the superimposed c 1 position is with 10.7 Å well below this limit and would readily permit a fast electron transfer rate which was determined to be 6 ×10 4 s −1 for R. sphaeroides [51] . This electron transfer step is clearly not the rate limiting step for the enzyme activity (k cat =120-300 s
−1
). In addition, electron transfer might already occur in intermediate orientations of ISP, when the cluster is approaching the c 1 position. The evolution of diverse structural elements on the ISP facing cyt c 1 surface could either reflect the former or could mean that the hydrogen bond between the essential catalytic moieties of the subunits is central to trap the productive electron transfer complex.
Model of electron transfer complex with membrane bound cytochrome c
The cyt bc 1 Δac complex has an unperturbed cyt c 1 fold and an intact cyt c interaction site as shown by superimposition of cyt c 1 Δac with yeast cyt c 1 with its bound substrate cyt c (Fig. 6 ). The electron transfer complex was described for yeast cyt bc 1 at high resolution [43] . The acidic domain is most likely laterally associated with the heme-bearing domain of cyt c 1 Δac as deduced from the position of the structurally resolved N-terminus at the periphery of the complex (Figs. 2, 6 ). A similar location is assumed for the flexible acidic N-terminal peptide of 73 residues of yeast QC6p. The structurally resolved N-terminus of the latter has a similar peripheral position (Fig. 6) . Interaction with cyt c has been suggested as function for both acidic domains [52, 53] . Kinetic characterization of the cyt bc 1 Δac complex [54] excludes an influence of the acidic domain on catalytic activity, K M for cyt c, and electron transfer rates between cyt c 1 and cyt c. The similar structural position supports an analogous function of the acidic domains in P. denitrificans and mitochondrial complexes, yet, their role is still elusive. The structural integrity of cyt c 1 Δac is in line with the kinetic characterization of the electron transfer complex, which shows the same k cat and K M values for variant and wild-type complexes [19, 54] . The native substrate of P. denitrificans cyt bc 1 is cyt c 552 , a cyt c which is anchored to the membrane by a single N-terminal TMH [55] . Yet, the P. denitrificans complex is as promiscuous as other cyt bc 1 complexes and readily reduces cyt c from other organisms [16] . Very similar electron transfer rates were also determined between soluble modules of P. denitrificans cyt c 1 and its physiological redox partners [56] . This is not surprising as cyt c is highly conserved and the interaction between the redox partners seems to employ a conserved interface as shown for the yeast cyt bc 1 :cyt c complex [1, 43, 57] . Can the membrane anchored cyt c 552 dock onto the complex resulting in the same electron transfer complex? The structure of the catalytic soluble domain of cyt c 552 was described recently at 1.5-Å resolution [58] . A model of the P. denitrificans electron transfer complex was built by superimposition of cyt bc 1
Δac and cyt c 552 of the same organism using the high resolution structure of the yeast electron transfer complex as template (Fig. 7) . Cyt c 552 snugly fits in the docking position with exactly superimposed cofactors, a low RMSD of 1.2 Å and without any sterical hindrance neither of the C α trace nor of the residue side chains. Both electron transfer complexes exhibit highly similar complementary surfaces at the interface. Three of the thirteen modelled interface residue pairs, which coincide with interactions described for the yeast complex, have been previously probed by site directed mutagenesis. In support of the physiological relevance of the model, cyt c 1 variants E243K, A247N and T383C show pronounced reduction of enzyme activity, and E243K and A247N have a reduced intra-molecular electron transfer rate [59] .
Based on the electron transfer model, the position of the transmembrane anchor of cyt c 552 can be suggested. A flexible linker of 37 amino acid residues, of which a fragment of 12 residues was resolved in the cyt c 552 structure, connects the catalytic domain with the TMH. Guided by the first resolved residue of a peripheral helix, which is stabilized in position by an H-bond with the catalytic domain, and by the C-terminal half of the linker fragment, the TMH was modelled into a likely docking position at the periphery of the dimeric complex in contact with the transmembrane anchors of cyt c 1 and ISP (Fig. 7) . The orientation of the linker fragment may be influenced by a zincmediated crystal lattice contact present at the N-terminus of this peptide [58] , yet, the given anchor points and the length of the unresolved linker favours this TMH position. In addition, this orientation permits a feasible supercomplex model fulfilling the prerequisite that the catalytic domain of the membrane anchored cyt c 552 requires access via the same interface to both, the cyt bc 1 complex and cyt c oxidase when associated in a respiratory supercomplex shown to exist in P. denitrificans [21] . 
